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Available online 25 March 2015This study presents an original approach of oxygen stoichiometry determination during high temperature
(>2000 K) measurements of vapour pressure using the Knudsen effusion mass spectrometry technique.
The method has been developed taking into account the vapour pressure measurements of series of
(U1x; PuxÞO2d samples with x(Pu) = 0.25, 0.5, 0.75 together with pure UO2d and PuO2d end-members
coupled with equilibrium calculations based on thermodynamic assessment of the U–Pu–O system.
The presented method consists of two steps; in the ﬁrst step the oxygen potential of the oxide phase
is determined based on the measured partial vapour pressures of UO(g), UO2(g), PuO(g) and PuO2(g) gas-
eous species and during the second step the thus determined oxygen potential is linked with the match-
ing oxygen stoichiometry of the sample. From the obtained results it has been demonstrated that it is
possible to accurately estimate the oxygen stoichiometry of the mixed oxide fuel samples knowing the
description of the oxygen potential of the corresponding end-members only.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Actinide oxides are nuclear materials used in most commercial
power plants worldwide. Among them the most common fuel is
based on a UO2 matrix while some reactors utilize plutonium in
the form of (U1x;PuxÞO2d solid solution, referred as mixed oxide
fuel (MOX). For the safety assessment of a nuclear reactor it is
important to know the high temperature properties of the fuel.
These are affected not only by the actual concentration of various
actinides in the fuel, but also, and very signiﬁcantly, by the oxygen
stoichiometry. It is therefore very important to know the exact
oxygen stoichiometry of the analyzed sample during high tem-
perature measurements.
This is especially the case of high temperature vapour pressure
measurements by Knudsen effusion Mass Spectrometry (KEMS)
that are in most of the cases performed in ultra vacuum conditions,
under which the actinide oxide tends to reduce, thus decreasing
oxygen stoichiometry. The vapour pressure signature of a sample
is important for two main reasons: (i) it tells us the volatility of
the sample, and (ii) by measuring the vapour pressure one can
determine the activity coefﬁcients of various components in the
solid solution, thus obtaining a measure of stability of the system.
Since the vapour pressure belongs to the group of properties that
are signiﬁcantly inﬂuenced by the O/M ratio of the oxide fuel,the exact determination of the oxygen stoichiometry is mandatory
for complementary interpretation of the data.
In this study we propose a method to determine the O/M ratio
during vapour pressure measurement by KEMS and we demon-
strate this technique on measurements of a series of (U,Pu)O2 sam-
ples. This system has been selected as an ideal candidate as full
thermodynamic description of the complete U–Pu–O ternary sys-
tem is available [1] and was needed to correlate with the obtained
experimental results.2. Method
During the high temperature investigation of oxide fuel the
oxygen stoichiometry changes, much depending on the external
partial pressure of oxygen. If the measurement is performed in
conditions with no control of the oxygen pressure, e.g. in ultra high
vacuum, it is very challenging to determine the actual O/M ratio of
the analyzed sample. In our recent efforts, several methods have
been proposed based on the post-analysis by thermogravimetry,
X-ray diffraction or chemical analysis, however the accuracy of
these methods was never very reliable. Moreover, all post-analysis
methods can only provide information about the sample state after
completion of the measurement and not during the performed
experiment.
More recently [2], it has been proposed to heat the sample for
several hours until reaching the congruent vapourization point
which is a state at which the composition of the vapour is the same
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precisely determine the O/M ratio summing the partial vapour
pressures of all gaseous species in equilibrium. Unfortunately, this
method leads to doubtful results as it is not always possible to
detect all species, particularly the O2 and O species due to rela-
tively high background at the low mass range of the mass
spectrometer.
In this study we propose a technique that leads to a reliable
estimation of O/M ratio of the sample during the measurement.
The method is based on the determination of oxygen potential cou-
pling the experimentally obtained partial vapour pressures of acti-
nide oxide gaseous species with thermodynamic calculations. The
easiest way would be measuring the O2 partial vapour pressure,
but for the reasons mentioned above this is technically not possi-
ble. Since the actinide oxide species are easily identiﬁed by mass
spectrometry, not interfering with others, it is possible to use e.g.
the following equilibrium reaction for identiﬁcation of the vapour
pressure of O2:
AnOðgÞ þ 0:5O2ðgÞ ! AnO2ðgÞ: ð1Þ
Note, that the choice of reaction in the gas phase is based on the
experimentally determined vapour pressures of An-bearing species
and it is advised to select the one which is based on the species
with highest partial vapour pressure, as that provides the most
accurate results. In the present case, in which we demonstrate
the technique on the mixed oxide solution of uranium and pluto-
nium the major detected species were UO(g), UO2(g), PuO(g) and
PuO2(g) (see Section 4).
As mentioned above, for the determination of oxygen potential
reliable thermodynamic data (Gibbs energies) of oxygen and all
relevant actinide oxide species are needed. The data on uranium
and plutonium bearing species were taken from a recent critical
review of thermodynamic data of actinide oxides [3], while the
data for oxygen were taken from CODATA [4].
Using the selected thermodynamic data the equilibrium con-
stant, K, of reaction (1), in which An = U or Pu is calculated accord-
ing to:
4G0r ¼ RT lnK
¼ 4G0ðAnO2ðgÞÞ  4G0ðAnOðgÞÞ  0:54 G0ðO2ðgÞÞ; ð2Þ
in which 4G0r ;4G0ðAnO2ðgÞÞ;4G0ðAnOðgÞÞ and 4G0ðO2ðgÞÞ are the
standard Gibbs energy of Reaction (1) and the standard Gibbs
energy temperature functions of AnO2, AnO and O2 gaseous species
respectively. The equilibrium constant is further deﬁned as:
K ¼ pðAnO2ðgÞÞ
pðAnOðgÞÞ  p0:5ðO2ðgÞÞ ; ð3Þ
in which pðAnO2ðgÞÞ;pðAnOðgÞÞ and pðO2ðgÞÞ are the partial pres-
sures of corresponding species (in bar units), the former two experi-
mentally determined from the Knudsen measurement, while the
partial pressure of oxygen calculated.
The last step of this analysis is supported by the full thermody-
namic description of the U–Pu–O system which has been assessed
by Guéneau et al. [1,5,6] based on several experimental data,
including the measured oxygen potentials of UO2d [7,8], PuO2d
[9–13] and (U1x,Pux)O2d phases [12,14–16]. It is mandatory to
have a thermodynamic description that well reproduces the mea-
sured oxygen potentials, because only with such fulﬁlled condition
it is possible to perform good correlation between the model and
the calculated partial pressure of oxygen from Eq. (3) in order to
assign the right O/M ratio to the sample.
With such performed correlation we ﬁrst analyzed the oxygen
stoichiometry of the UO2d and PuO2d end-members and based
only on these results we proposed and tested a method to estimate
the O/M values in the intermediate range. The method is based onthe assumption that if the initial sample is stoichiometric or
slightly hyperstoichiometric (possible case of UO2d) and if the ﬁrst
heating ramp is performed with relatively rapid speed we could
use a linear interpolation of the obtained O/M ratios of the end-
members to estimate the values in the mixed oxide solutions.
The idea is supported by the assumption that upon the ﬁrst heating
the change of the composition is relatively fast, driven by loss of
oxygen (under imposed vacuum conditions), thus one can expect
the same driving force of the composition change as given by the
end-members. Due to the kinetic nature of the redox change plus
taking into account that rather big samples were used for the mea-
surement, not a signiﬁcant change of the Pu/U ratio was expected
during the ﬁrst heating cycle. The calculated ratio of the total
vapour pressure of all U-bearing species versus the total vapour
pressure of all Pu-bearing species gives almost constant value for
the ﬁrst heating period for all measured intermediate composi-
tions, justifying our assumption. This assumption can be further
explained by the relatively low volatility of actinide bearing spe-
cies in the temperature range of the initial heating. We must stress
here that for the mentioned arguments only the results from the
ﬁrst heating ramp can be used for the proposed method. Further
heating of the sample at constant temperature for several hours,
e.g. the one presented in our previous paper [2], would eventually
lead to the congruent vapourization point and the O/M ratio of this
point can no longer be estimated based on the proposed linear
approximation. This is conﬁrmed by the thermodynamic model
of Guéneau et al. [1] which indicates a minimum on the curve of
the congruent O/M composition plotted versus the Pu
concentration.
3. Experiment
3.1. KEMS analysis
The vapour pressure measurements of UO2d, PuO2d and
(U1x,Pux)O2d with x(Pu) = 0.25, 0.5 and 0.75 were performed with
the Knudsen effusion cell coupled with mass spectrometer (KEMS)
installed within the alpha tight and gamma shielded glove box
allowing handling of highly radioactive materials. During the
experiment the sample is placed into the Knudsen cell made of
tungsten metal with very small oriﬁce on the top which is placed
in the high temperature furnace made of tungsten coil and sur-
rounded by series of thermal shield. Upon heating, the sample
evaporates and the escaping gaseous species are driven through
a cross beam electron bombardment where they are ionized and
successively analyzed in the quadrupole mass spectrometer. For
more details about the KEMS device used in this study we refer
to our recent paper [17].
The vapour pressure of the molecular species, pi, is determined
from the obtained intensity of the detected signal according to
general equation:
pi ¼ Iþi  Ti  K; ð4Þ
in which Iþi refers to the measured intensity of the corresponding
cation of a species i; T is the absolute temperature and the K term
is obtained by multiplying the calibration factor, KAg, with a species
dependent correction factor Ki:
K ¼ KAg  Ki: ð5Þ
KAg is deﬁned in analogous way as Eq. (4), thus:
KAg ¼
pAg
IþAg  TAg
; ð6Þ
and is ﬁtted to a constant value based on the measurement of silver
that has been used as a calibration material. Hence, in Eq. (6), pAg is
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perature TAg and I
þ
Ag is its measured signal. The Ki term is deﬁned
as function of molar mass of the species,Mi, and its ionization cross
section, ri, as:
Ki ¼
ﬃﬃﬃﬃﬃﬃ
Mi
p  rAgﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MAg
p  ri
; ð7Þ
with rAg being the cross section of the silver atom used for the cali-
bration. The electron cross sections of atomic or molecular species
that are in equilibrium with the condensed sample are deﬁned for
the corresponding electron energy and have been calculated by
Sigmas software [18]. Combining Eqs. (4), (5) and (7) the expression
for the vapour pressure determination becomes:
pi ¼
Iþi  T 
ﬃﬃﬃﬃﬃﬃ
Mi
p  rAg  KAgﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MAg
p  ri
: ð8Þ
For the determination of the ionization potential of the detected
ion the molecular species from which the cation is formed must be
identiﬁed as various events can occur: e.g. if the UO+ signal is
detected it may not necessary come from the UO(g) species, but
it may be formed from higher oxides, such as UO2(g) or UO3(g)
by dissociation. This feature must be taken into account not only
for the correct determination of the ionization potential, but also
during the assessment of ﬁnal partial vapour pressures of all gas-
eous species as the ionization cross section refers to molecular spe-
cies and not to the formed ion that is physically detected by the
mass spectrometer.
Such correction is done by measuring the appearance potential
curve at constant temperature, in the best case right after the ﬁrst
heating sequence from which the partial vapour pressures are ana-
lyzed. In this study the appearance potential curves have been
determined for all measurements and examples of measured
appearance potential curves for the case of UO2 and PuO2 samples
are given in Figs. 1 and 2, respectively.
In case of the UO2 sample four signals have been detected,
corresponding to U+ (AMU = 238), UO+ (AMU = 254), UOþ2
(AMU = 270) and UOþ3 (AMU = 286) ionic species. As discussed
above, due to an increased background in the low mass range, no0 5 10
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Fig. 1. An appearance potential measurement of UO2. The vertical dotted line indicates
arrows indicate the onset points of corresponding reactions.oxygen signal has been detected. Fig. 1 shows different shapes of
the appearance potential curves for the various species which are
due to the dissociation processes that take place during the
increase of the electron energy. Therefore a correction that takes
this feature into account must be made at the electron energy at
which the vapour pressure measurement is performed, thus at
Em = 29.5 eV. The energy is indicated in the ﬁgure by the dotted
line. To correctly identify whether dissociation processes occur
during the experiment the shape of the curve is compared with
the trend of the total measured signal determined as a sum of all
detected signals. Deviation from the trend curve indicates dissocia-
tion reaction. The type of reaction is determined by comparison to
the electron energy at which it occurs. All relevant reactions con-
sidered during the analysis of the UO2 sample are reported in
Fig. 1 with arrows pointing on the exact ionization energy.
As an example, in case of the UO+ appearance potential curve
the ﬁrst signal appears at 5.3 eV which is related to the ionization
reaction of UO(g) to form UO+ species. Increasing the electron
potential further the intensity of the UO+ signal follows the same
trend (dotted line in the ﬁgure) as found for the total signal until
reaching 13.5 eV at which the inﬂection on the curve suggest a fur-
ther increase. This is due to the dissociation of UO2(g) forming UO+
and the neutral O(g) species. As consequence of this event the UOþ2
signal, which is formed from the UO2(g) molecular species, devi-
ates from the trend line (dotted line in the ﬁgure) at the same
point. Similar analysis is performed for the U+ signal, revealing
two dissociation reactions of the UO(g) and UO2(g) species as indi-
cated in Fig. 1. It is important to note that the U+ signal ﬁrst
appears at 14.2 eV which is at signiﬁcantly higher energy than
the ionization reaction U(g)? U+ (6.1 eV as proposed in [19])
and therefore we conclude that the partial pressure of U(g) in the
vapour is very low, below the limit of detection. Although the
UOþ3 signal has been detected during the experiment, its intensity
is very low, indicating oxygen hypo stoichiometry of the analyzed
UO2 sample.
Using Fig. 2 a similar analysis is made for the PuO2 sample. In
this case only three signals have been detected, Pu+ (AMU = 239),
PuO+ (AMU = 255) and PuOþ2 (AMU = 271). The analysis showed
that PuOþ2 is only related to the PuO2 gaseous species with15 20 25 30
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Table 2
Degree of dissociation measured at 29.5 eV.
Molecular species U+ UO+ UOþ2 UO
þ
3 Pu
+ PuO+ PuOþ2
Detected cations for the UO2 sample
UO(g) 28.8% 49.7% – – – – –
UO2(g) 71.2% 50.3% 100% – – – –
UO3(g) – – – 100% – – –
Detected cations for the U0:75Pu0:25O2 sample
UO(g) – 9.0% – – – – –
UO2(g) 100% 91.0% 100% – – – –
UO3(g) – – – 100% – – –
Pu(g) – – – – – – –
PuO(g) – – – – 100% 100% –
PuO2(g) – – – – – – 100%
Detected cations for the U0:5Pu0:5O2 sample
UO(g) – 6.6% – – – – –
UO2(g) 97.7% 94.1% 100% – – – –
UO3(g) – – – 100% – – –
Pu(g) – – – – – – –
PuO(g) – – – – 100% 100% –
PuO2(g) – – – – – – 100%
Detected cations for the U0:25Pu0:75O2 sample
UO(g) – 5.0% – – – – –
UO2(g) 100% 95% 100% – – – –
UO3(g) – – – 100% – – –
Pu(g) – – – – – – –
PuO(g) – – – – 100% 100% –
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Fig. 2. An appearance potential measurement of PuO2. The vertical dotted line indicates the ionization potential of the performed vapour pressure measurement (Em). The
arrows indicate the onset points of corresponding reactions.
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processes occur. First, at 9.8 eV Pu(g) is ionized and at 18.6 eV a
dissociation of PuO(g) takes place forming Pu+ and atomic oxygen.
This event is accompanied by the decrease of the PuO+ signal at the
same energy which is highlighted by its deviation from the dashed
line that represents the initial trend of the signal increase.
All ionization and dissociation reactions obtained from the
measurements of UO2 and PuO2 samples are summarized in
Table 1. Similar dissociation patterns as given in Figs. 1 and 2 have
been observed for all measured compositions and Table 2 shows
the degrees of dissociation normalized to the measured value of
the corresponding signal at the electron energy of the measure-
ments, Em. For instance, for the UO2 sample 28.8% of the measured
U+ signal originates from UO(g) and the rest, 71.2%, from UO2(g).
Values for all measured samples are given in the table and it is very
important to take this ‘fragmentation’ into account for the correct
vapour pressure analysis.
3.2. Experimental conditions
All measurements have been performed in high vacuum
(106 mbar) and the performed analysis was done within the
temperature range 2000–2300 K which refers to the ﬁrst heating
of the sample. The lower temperature limit corresponds to theTable 1
Energies of ionization and dissociation reactions obtained in this study for UO2 and
PuO2 samples.
Reaction Energy (eV)
UO(g)? UO+ 5.2
UO(g)? U+ + O(g) 14.2
UO2(g)? UO
þ
2 4.2
UO2(g)? UO+ + O(g) 13.5
UO2(g)? U+ + O2(g) 22.1
UO3(g)? UO
þ
3 11.3
Pu(g)? Pu+ 9.8
PuO(g)? PuO+ 8.9
PuO(g)? Pu+ + O(g) 18.6
PuO2(g)? PuO
þ
2 11.6
PuO2(g) – – – – – – 100%
Detected cations for the PuO2 sample
Pu(g) – – – – 64.0 – –
PuO(g) – – – – 36.0% 100% –
PuO2(g) – – – – – – 100%appearance of the signal of the actinide species detected above
the sample. As mentioned earlier the samples used in this study
were the end-members UO2d and PuO2d with three intermediate
compositions of the (U1x,Pux)O2d mixed oxide solid solution with
x(Pu) = 0.25, 0.5 and 0.75. Further in the text we will refer to these
mixed oxide composition as MOX25, MOX50 and MOX75,
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paper by Gotcu et al. [2] and prior to the experiments all of them
were conditioned at 1500 K under air atmosphere to reach oxygen
stoichiometry 2 or slightly hyperstoichiometric. The heating ramp
during the KEMS experiment was maintained at average value of
10 K/min and the electron energy used to ionize the gaseous spe-
cies was 29.5 eV (value obtained after careful calibration).4. Results
4.1. UO2 and PuO2 samples
Partial vapour pressures of the gaseous species that are in equi-
librium with the UO2 sample obtained upon the heating from the
room temperature are reported in Fig. 3. The ﬁgure indicates three
detected signals; the most intense is the UO2(g) signal, followed by
UO(g) and UO3(g). The analysis shows that at low temperature the
intensity of UO(g) and UO3(g) signals are nearly equal, whereas
with further heating the intensity of UO3(g) versus UO(g) decreases
indicating reduction of the sample. Another conﬁrmation of the
sample reduction during the heating in vacuum conditions is evi-
denced by the shape of the UO(g) signal which does not show lin-
ear tendency in the lnp versus 1=T graph, but is convex.
The determination of the O/M ratio of the UO2d sample during
high temperature experiment is based on a reaction according to
Eq. (1) in which An = U. Using the well established thermodynamic
data [4,3] of the three relevant gaseous species the equilibrium
constant of the reaction is calculated giving:
lnKUO2 ¼ 71:751 3:777  102ðT=KÞ þ 5:857  106ðT=KÞ2: ð9Þ
With the thus obtained equilibrium constant and the partial
vapour pressures of UO2(g) and UO(g) obtained from the KEMS
experiment the partial pressure of oxygen is calculated according
to Eq. (3).
In the last step the obtained oxygen partial pressure is related to
the exact O/M stoichiometry of the UO2d sample using the
thermodynamic description of the solid solution as published by
Guéneau et al. [5,6,1]. The analysis is well suited as the thermody-
namic assessment has been based on experimentally determined0.00043 0.00044 0.00045 0.00046 0.
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Fig. 3. Partial vapour pressure of gaseous soxygen potentials for different O/M ratios and temperatures. The
obtained oxygen stoichiometry of the analyzed UO2 sample for
temperature range 2000–2300 K conﬁrmed slight reduction of
the sample during the heating giving O/M = 1.995 for 2000 K
slightly decreasing to 1.985 at 2300 K.
A similar analysis as shown for the UO2 sample has been made
for PuO2 with the obtained partial vapour pressures reported in
Fig. 4. In case of the PuO2 sample, Pu(g), PuO(g) and PuO2(g) spe-
cies have been detected and as in the case of UO2 the analogue
equation as given by Eq. (1) (with An = Pu) has been considered
for the O/M determination. Using the thermodynamic data of
O2(g), PuO(g) and PuO2(g) taken from literature [4,3] the equilib-
rium constant becomes:
lnKPuO2 ¼ 51:783 2:710  102ðT=KÞ þ 4:037  106ðT=KÞ2; ð10Þ
and with the combination of partial vapour pressure data of PuO(g)
and PuO2(g) experimentally determined in this study the partial
pressure of oxygen is calculated according to Eq. (3).
Using the thermodynamic description of the PuO2d solid solu-
tion [6] which has been based on experimentally determined oxy-
gen potentials, the obtained partial pressure of oxygen is related to
exact oxygen stoichiometry of the sample. For the measured tem-
perature range (2100–2400 K) the oxygen stoichiometry of the
analyzed PuO2 sample indicated a high degree of hypo-stoichiome-
try of O/M ratio 1.675 at 2100 K, with almost the same value 1.677
at 2250 K. Such low oxygen content conﬁrms the much stronger
tendency of Pu4+ to reduce compared to U4+. This observation is
conﬁrmed by the Pu–O phase diagram published by Guéneau
et al. [6] showing solid–gas equilibrium at the PuO2 stoichiometry
at high temperature, indicating a large reduction potential of PuO2.
We note here that such extent of PuO2 reduction is not representa-
tive for a bulk fuel in the real conditions in the nuclear reactor, but
is achieved during the KEMS experiment for two main reasons: (i)
The experiment is performed in ultra high vacuum with big reduc-
ing potential and (ii) the sample is of small quantity, thus fast over-
all reduction is possible. The size effect has been demonstrated by
Ackermann et al. [20] on the NpO2 sample who obtained different
solid–gas equilibria with the same experimental conditions, but of
different sample size.00047 0.00048 0.00049 0.00050 0.00051
/ (T/K)
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pecies detected above the UO2 sample.
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Fig. 4. Partial vapour pressure of gaseous species detected above the PuO2 sample.
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As explained in Section 2 the aim of this study is to establish a
method that would provide a good estimate of the oxygen stoi-
chiometry of mixed oxide solid solutions analyzed at high tem-
perature solely based on the data of the end-members. For the
reasons mentioned in Section 2 a linear interpolation of the O/M
ratios determined for the end-members has been proposed for
the determination of the oxygen stoichiometry in the intermediate
range. To justify this approach we have experimentally determined
the O/M ratios of three MOX samples (25, 50 and 75 mol% of Pu)
and compared them with such estimate. This was possible as the(U1x,Pux)O2d solid solution has been thermodynamically
described based on measured oxygen potentials [1] which made
it possible to obtain reliable O/M stoichiometries of all three ana-
lyzed MOX samples.
As in case of UO2 and PuO2 samples described in the previous
section, the O/M ratio of the three MOX samples has been deter-
mined based on the measured partial vapour pressures of UO(g),
UO2(g), PuO(g) and PuO2(g) species in combination with
thermodynamic calculations. Two equilibrium reactions have been
considered; Eq. (1) for uranium species and the analogues one for
the plutonium species. This resulted in two sets of data for each of
the analyzed MOX compositions and the resulting O/M ratio is
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Fig. 6. The O/M ratio of UO2, PuO2 and three (U,Pu)O2 solid solutions determined during the ﬁrst heating in KEMS at 2100 K.
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Fig. 7. The O/M ratio of UO2, PuO2 and three (U,Pu)O2 solid solutions determined during the ﬁrst heating in KEMS at 2200 K.
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equilibria. For all three compositions rather constant oxygen stoi-
chiometry for the measured temperature range 2050–2200 K was
observed as given by Fig. 5 which reports the results for UO2 and
PuO2 end-members as well. The error of the O/M determination
for the MOX samples was estimated as a standard deviation from
the average value obtained from the two equilibrium reactions
and was found ±0.013 for the MOX25 sample, ±0.016 for MOX50
and ±0.016 for MOX75.
To demonstrate the trend of the obtained O/M ratio in the UO2–
PuO2 system a plot of the O/M ratio with respect to the PuO2 con-
centration has been made for constant temperatures of 2100 K and
2200 K and is shown in Figs. 6 and 7, respectively. Both ﬁgures
clearly show a linear trend between the two end-membersjustifying the method of the oxygen stoichiometry estimation pro-
posed in this study. It must be noted that this result is the ﬁrst of
its kind and must be validated by measuring other oxide pseudobi-
nary systems.
5. Discussion and conclusions
From the results described in the previous section the oxygen
stoichiometry of mixed oxide uranium and plutonium samples
has been assessed. The corresponding partial vapour pressures of
the detected molecular species are shown for all three MOX25,
MOX50 and MOX75 compositions in Figs. 8–10 respectively, dis-
playing the assessed oxygen stoichiometry of the sample during
the measurement.
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Fig. 8. Partial vapour pressure of gaseous species measured above the (U0:75Pu0:25)O1:92 sample. The solid line represents the total vapour pressure and is compared with the
total vapour pressure of the MOX25 sample analyzed in our previous study [2] (dashed line) for the congruent vapourization composition.
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Fig. 9. Partial vapour pressure of gaseous species measured above the (U0:50Pu0:50)O1:82 sample. The solid line represents the total vapour pressure and is compared with the
total vapour pressure of the MOX50 sample analyzed in our previous study [2] (dashed line) for the congruent vapourization composition.
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with the ones published recently by Gotcu et al. [2]. In that paper
an analysis of the same MOX compositions has been made, but not
corresponding to the initial heating ramp, but to a short heating
cycle performed after a long stabilization period reaching the point
of congruent vapourization. Such a long stabilization time as
applied in that study allowed not only a composition shift with
respect to oxygen, but also a shift of the ratio between uranium
and plutonium. Consequently this leads to different partial pres-
sures of the actinide bearing species. On the other hand the totalvapour pressure is in a very good agreement with the values found
in our earlier study, indicated in all three ﬁgures by solid (this
study) and dashed (Gotcu et al. [2]) lines. This observation is not
surprising since after the initial ’fast’ reduction, the total vapour
pressure shifts negligibly with respect to O/M. Nevertheless, it is
shown that in all three cases a crossing of the total vapour pres-
sures corresponding to the initial heating and the one after long
stabilization period occurs. This indicates somewhat different
slopes of the total vapour pressure which suggest different
compositions of the solid sample and thus different equilibria
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Fig. 10. Partial vapour pressure of gaseous species measured above the (U0:25Pu0:75)O1:74 sample. The solid line represents the total vapour pressure and is compared with the
total vapour pressure of the MOX50 sample analyzed in our previous study [2] (dashed line) for the congruent vapourization composition.
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tions of the samples in time it is very complex to fully interpret
these curves and a series of further measurements on samples with
deﬁned O/M ratios under external control of oxygen potential
would be required.
From the carefully examined vapourization behaviour of UO2,
PuO2 and their mixed oxide solid solutions upon ﬁrst heating using
the KEMS technique we have suggested a method how to assess
the oxygen stoichiometry in the oxide solid solutions providing
the knowledge of the oxygen potential behaviour of the end-
members.
This method however does not allow to measure the vapour
pressure of any desired oxygen stoichiometry of the analyzed sam-
ple. For such measurements it is necessary to add a controlling
mechanism that will impose the external oxygen partial pressure,
and thus will keep the desired oxygen stoichiometry.
Based on the performed analysis discussed throughout this
paper we recommend such proposed method for further measure-
ments of mixed oxide solid solutions. To minimize the error made
for the determination of the O/M ratio we suggest the following: (i)
the initial oxygen stoichiometry must be the same for all analyzed
samples, the best close or equal to O/M = 2; (ii) the mass of the
sample must be of signiﬁcant amount to limit the degree of reduc-
tion during the ﬁrst heating and all samples must have equal
weight so the degree of reduction is consistent within the series;
(iii) the heating program must be the same for all samples mea-
sured, i.e. the temperature range and the heating rate; and (iv)
we recommend to perform the appearance potential measurement
as soon as possible after the ﬁrst heating. The latter point willensure correct analysis of the dissociation pattern which in turn
results in the right vapour pressure determination.
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